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Isolation of Adult Mouse Myogenic
Progenitors: Functional Heterogeneity of
Cells within and Engrafting Skeletal Muscle
satellite cells (Bischoff, 1994). In injured adult muscle,
satellite cell number and regenerative capacity remain
nearly constant through multiple cycles of regeneration,
suggesting that these cells may be capable of self-
renewal (Beauchamp et al., 1999) or may be maintained
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tionally, by their myogenic differentiation (Morgan andStanford University School of Medicine
Partridge, 2003); however, potential heterogeneity in theStanford, California 94305
function and/or origin of sublaminar myogenic cells may3 GRECC and Neurology Service
exist and has yet to be fully addressed.Veterans Affairs Palo Alto Health Care System
In recent years, reports of myogenic cells distinct fromPalo Alto, California 94304
satellite cells have accumulated. For example, muscle-
resident side population (muSP) cells, defined by their
ability to exclude Hoechst 33342 (Asakura et al., 2002),Summary
have been shown to contribute to myofibers when in-
jected intramuscularly (McKinney-Freeman et al., 2002)Skeletal muscle regeneration in adults is thought to
or when cocultured with myoblasts (Asakura et al.,occur through the action of myogenic satellite cells
2002), although muSP cells appear to lack myogeniclocated in close association with mature muscle fibers;
activity when cultured alone (Asakura et al., 2002). Like-however, these precursor cells have not been pro-
wise, muscle-resident CD45Sca-1 cells generatespectively isolated, and recent studies have suggested
myogenic cells in coculture, though not alone, or in re-that additional muscle progenitors, including cells of
sponse to muscle injury or activation of Wnt signalingbone marrow or hematopoietic origin, may exist. To
by LiCl (Polesskaya et al., 2003). In addition, cells withclarify the origin(s) of adult myogenic cells, we used
high proliferative potential and the ability to differentiatephenotypic, morphological, and functional criteria to
into multiple cell types, including muscle, neural, endo-identify and prospectively isolate a subset of myofiber-
thelial, and hematopoietic lineages, have been isolatedassociated cells capable at the single cell level of gen-
from muscle (Cao et al., 2003; Qu-Petersen et al., 2002).erating myogenic colonies at high frequency. Impor-
Finally, bone marrow (BM) cells have been reported totantly, although muscle-engrafted cells from marrow
contribute to myofibers when injected directly into in-and/or circulation localized to the same anatomic
jured muscle (Ferrari et al., 1998) or intravenously intocompartment as myogenic satellite cells and expressed
injured (Fukada et al., 2002) or mdx dystrophic animalssome though not all satellite cell markers, they displayed
(Bittner et al., 1999; Ferrari et al., 2001; Gussoni et al.,no intrinsic myogenicity. Together, these studies de-
1999), and single hematopoietic stem cells (HSC), whichscribe the clonal isolation of functional adult myogenic
reconstitute the entire blood system (Wagers et al.,progenitors and demonstrate that these cells do not
2002), can at a low level contribute donor markers toarise from hematopoietic or other bone marrow or
skeletal myofibers, particularly in injured muscle (Ca-circulating precursors.
margo et al., 2003; Corbel et al., 2003; Sherwood et al.,
2004). Yet, whether contributions of BM cells to injuredIntroduction
skeletal muscle proceed through the generation of mus-
cle-resident satellite cell intermediates remains contro-
Satellite cells are defined as mitotically quiescent mono- versial. Some studies have reported the derivation of
nuclear cells, located beneath the basal lamina of mus- satellite cells from transplanted BM cells (Fukada et
cle fibers, that can respond to regenerative cues by al., 2002; LaBarge and Blau, 2002), while others have
proliferating to form myoblasts, which terminally differ- suggested that donor marker-expressing myofibers
entiate and fuse to form multinucleated myotubes arise via fusion of donor hematopoietic cells into existing
(Beauchamp et al., 1999, 2000; Mauro, 1961). In neonatal host myofibers (Camargo et al., 2003).
mice, satellite cell nuclei comprise 30% of muscle Therefore, to clarify the origin(s) of cell populations
nuclei, but their number declines with age, and only involved in adult myogenesis, we have compared the
5% of nuclei in the muscles of adult mice represent myogenic properties of endogenous myofiber-associ-
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M-cadherin (Beauchamp et al., 2000; Irintchev et al., mals injured 2 days previously by intramuscular injection
of cardiotoxin (2d CDTX) were examined (see Supple-1994). By sorting these cells on the basis of donor
marker and/or cell surface marker expression and ana- mental Figure S2 on the Cell website). Flow cytometry
revealed donor-derived GFP cells in both the myofiber-lyzing their myogenic capacity both in vivo and in vitro,
we reveal significant differences in the myogenic proper- associated and interstitial cell compartments of both
injured and uninjured muscle of BM-transplanted ani-ties of muscle-resident cell populations and of cells that
home to muscle from the BM and/or circulation. In addi- mals (Figure 1A). The majority of these GFP cells ex-
pressed the pan-hematopoietic marker CD45 (Johnsontion, we describe markers of highly enriched myogenic
precursor cells, allowing the prospective isolation of a et al., 1997). CDTX injury increased the frequency of
BM-derived GFP myofiber-associated and interstitialpopulation of cells that gives rise to skeletal myocytes
at a clonal level and with high frequency and demonstra- cells (Figure 1A)10-fold and 3-fold, respectively, likely
reflecting an injury-induced recruitment of inflammatoryting that these cells do not arise from hematopoietic or
other BM precursors. cells (Hirata et al., 2003) and consistent with earlier sug-
gestions that infiltrating leukocytes may invade beneath
the basal lamina of damaged muscle fibers (Stauber etResults
al., 1988). The presence in BM-transplanted mice of
GFP sublaminar cells and of GFP cells coexpressingBM-Derived Muscle-Resident Cells Display
the satellite cell-associated markers M-cadherin (Irint-Limited Myogenic Activity
chev et al., 1994) and CD34 (Beauchamp et al., 2000) wasTo compare the function of endogenous and BM-
further confirmed by immunofluorescence and confocalderived cells resident in normal adult mouse skeletal
microscopy of frozen sections of injured and uninjuredmuscle, hindlimb muscles (including tibialis anterior
triceps surae (TS) muscles harvested from animals[TA], triceps surae [TS], and quadriceps) were dissected
transplanted with GFP BM cells (Supplemental Figurefrom normal adult mice and from BM or HSC chimeric
S3). However, despite localization of BM-derived cellsanimals. Chimeric mice used in these studies were gen-
in the same anatomical compartment as muscle satelliteerated by transplantation into irradiated nontransgenic
cells and expression of some satellite cell-associatedrecipients of unfractionated BM harvested from trans-
markers by a subset of these cells, myofiber-associated,genic donor mice ubiquitously expressing GFP under
GFP BM-derived cells isolated by fluorescence acti-the control of the constitutively active -actin promoter
vated cell sorting (FACS) from either injured (n  2;(Okabe et al., 1997; Wright et al., 2001a). Transplanted
0/300,000 total cells plated) or uninjured (n 3; 0/13,800animals were screened for hematopoietic reconstitution
cells plated) muscle displayed no in vitro colony-forming4–12 weeks posttransplant and exhibited near-total re-
ability and did not generate MyHC-expressing cellsplacement of peripheral blood leukocytes by donor-
when cultured under myogenic conditions (Figures 1Cderived GFP hematopoietic cells (90% GFP leuko-
and 1D and data not shown). Under identical conditions,cytes). Muscle was digested with collagenase, and
0.4%  0.4% (n  3; 22/3,100 total cells plated; p interstitial cells were separated from myofiber fragments
0.05 by the test of binomial proportions in comparisonand their associated cells by washing. Myofiber-asso-
to BM-derived myofiber-associated cells from eitherciated mononuclear cells were then released from be-
injured or uninjured animals) of FACS-isolated GFPneath the basal lamina of isolated fiber fragments through
(host-derived) myofiber-associated cells did form round,further digestion with collagenase/dispase. When iso-
myogenic colonies, which, in differentiation medium,lated from control, untransplanted GFP transgenic ani-
induced expression of MyHC (Figure 1B). The lower per-mals, myofiber-associated cells cultured in vitro formed
centage of endogenous GFP cells forming colonies incolonies under myogenic proliferation conditions that
these assays, as compared to experiments using controlcould be classified into two morphologically distinct
cells isolated from the muscle of GFP transgenic do-types: 26.5% of the colonies were of small, round
nors (Supplemental Figure S1), likely results from con-cells, and 73.5% were of large, fibroblast-like cells
tamination of sorted GFP cells with myofiber debris(see Supplemental Figures S1A and S1C at http://www.
that cannot be easily distinguished by FACS from cellscell.com/cgi/content/full/119/4/543/DC1/). Upon induc-
not expressing GFP. Thus, in this system, BM-derived,tion of myogenic differentiation, round colonies but not
muscle-engrafted cells do not adopt myogenic cell fatesfibroblast-like colonies contained cells that expressed
on their own, whereas endogenous muscle precursorsmyosin heavy chain (MyHC) and fused to form multinu-
do so robustly.cleated myotubes (Supplemental Figure S1B).
To determine whether BM cells generate myogenic
cells in skeletal muscle following transplant, we first Coculture-Induced Myogenic Potential
of BM-Derived Cellsassessed whether BM-derived cells expressing satellite
cell-associated markers could be found in the myofiber- To determine whether BM-derived, muscle-engrafted
cells may be induced to express skeletal myocyte mark-associated compartment in transplanted animals. Be-
cause in most cases tissue damage has been required ers in a myogenic environment, we also cocultured GFP
BM-derived cells, isolated by FACS from 2d CDTX-to elicit BM cell marker contributions to skeletal muscle
in vivo (Bittner et al., 1999; Camargo et al., 2003; Corbel injured muscle of BM-transplanted mice, with prepara-
tions of GFP myofiber-associated cells isolated fromet al., 2003; Ferrari et al., 1998; Fukada et al., 2002;
Gussoni et al., 1999; LaBarge and Blau, 2002; Sherwood -actin/HcRed transgenic mice. -actin/HcRed trans-
genic mice ubiquitously express a spectrally distinctet al., 2004), muscles from both uninjured mice and ani-
Myogenic Cell Populations in Skeletal Muscle
545
Figure 1. Myogenic Activity of BM Cells
(A) Uninjured (CDTX) or 2d CDTX-injured (CDTX) muscles from animals previously transplanted with GFP BM cells were dissociated and
myofiber-associated or interstitial cells analyzed by flow cytometry for expression of GFP, CD45, Sca-1, and CD34, as indicated. Data are
presented as contour plots of the indicated parameters, with the percent of cells that fall within each gate indicated. The leftmost plot is
gated for live cells and shows gating for GFPCD45 or GFPCD45 subsets, with analysis of Sca-1 and CD34 expression of these subpopula-
tions shown in the middle and right columns, respectively.
(B–H) Representative micrographs of in vitro myogenic activity of BM-derived myofiber-associated cells. Host-derived GFP cells, BM-derived
GFPCD45, or GFPCD45were isolated by FACS from myofiber-associated cell preparations of injured skeletal muscle from BM-transplanted
mice. (B) After 7–9 days in growth medium followed by 2 days in fusion medium, host-derived GFP cells formed colonies of MyHC-expressing
cells (red). (C–G) Myofiber-associated GFPCD45 (C, E, and G) or GFPCD45 (D and F) cells were similarly cultured either alone (C and D)
or together with HcRed-expressing myofiber-associated cells from an HcRed transgenic animal (E–G). Cells were subsequently analyzed by
standard fluorescence microscopy (C–F) or confocal microscopy (G) for coexpression of GFP, HcRed, and MyHC. Electronically merged
images (right column) show GFP in green, HcRed in blue, and MyHC in red; scale bar, 100 m.
fluorescent protein (HcRed) that is easily distinguished 1F). Importantly, confocal microscopy confirmed that
coculture-induced GFP myocytes expressing MyHCby fluorescence microscopy from GFP and allows unique
marking of both types of cells in the coculture. In this did not express HcRed, indicating that they did not arise
by cell fusion (Figure 1G). Consistent with this idea,system, any GFP myocytes that arise via cell fusion
with HcRedmyofiber-associated cells can be identified GFP BM-derived myofiber-associated cells also formed
GFPMyHC myocytes when cocultured with HcRedas GFPHcRedMyHC cells. In contrast to the lack of
myogenic potential when GFP BM-derived cells were myofiber-associated cells even when the two cell types
were physically separated by a 0.22 micron transwellcultured alone (Figures 1C and 1D), coculture of GFP
myofiber-associated or interstitial cells isolated from 2d filter (data not shown). BM-derived GFP myofiber-
associated (n 3; 0/13,800 total cells plated) or intersti-CDTX muscle of previously BM-transplanted mice with
HcRed-expressing CDTX-treated myofiber-associated tial (n 3; 0/16,600 total cells plated) cells isolated from
uninjured muscle failed to form MyHC-expressing cellscells from an untransplanted control mouse did yield
rare GFPMyHC cells (Figures 1E and 1G). Interest- in coculture (p 0.05 by the test of binomial proportions
in comparison to CD45 BM-derived myofiber-associ-ingly, coculture-induced myogenicity was found only
within the CD45 subset of GFP BM-derived myofiber- ated cells from injured animals); however, this failure
may relate to the low viability of these cells under theseassociated cells (n 3, 1.17% 0.47% (24/1950) of total
GFPCD45 cells plated, Figures 1E and 1G), whereas culture conditions (data not shown). Together, these
data suggest that the myogenic environment suppliedCD45 BM-derived cells were never observed to gener-
ate MyHC-expressing cells in these assays (n  2; by coculture with muscle-resident myogenic cells is suf-
ficient to promote the expression of at least some mus-0/62,500 total GFPCD45 cells plated, p  0.05 by the
test of binomial proportions in comparison to GFP cle-specific proteins by a fraction of BM-derived myo-
fiber-associated cells without fusion of these cells withCD45 BM-derived myofiber-associated cells, Figure
Cell
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Figure 2. Myogenic Activity of HSC Figure 3. Myogenic Activity of Cells in Circulation
(A) Flow cytometric analysis of myofiber-associated or interstitial (A) Flow cytometric analysis of GFP and CD45 expression by myo-
cells isolated from 2d CDTX-treated muscles of animals previously fiber-associated and interstitial cells isolated from 2d CDTX-treated
transplanted with 100 GFP KTLS HSC for expression of GFP muscles of nontransgenic animals parabiosed to GFP-expressing
and CD45. partners.
(B and C) Myofiber-associated GFP cells were isolated by FACS (B and C) Sorted GFP myofiber-associated cells isolated by FACS
from 2d CDTX-treated muscles of HSC-transplanted mice and cul- from the CDTX-injured muscle of nontransgenic parabiotic partners
tured either alone (B) or together with HcRed-expressing myofiber- of GFP transgenic animals were analyzed for the ability to form
associated cells from an HcRed transgenic animal (C), as in Figure myogenic colonies following culture alone (B) or coculture with GFP
1. Cells were analyzed by fluorescence microscopy for coexpression endogenous myofiber-associated cells from the same muscle (C).
of GFP and MyHC. Electronically merged image (right column) Cells were analyzed by fluorescence microscopy for coexpression
shows GFP in green and MyHC in red; scale bar, 100 m. of GFP (left) and MyHC (middle). Electronically merged images (right)
show MyHC in red, GFP in green, and Hoechst 33342 staining of
nuclei in blue; scale bar, 100 m.
muscle-resident myofiber-associated cells. Whether
these BM-derived cells have undergone full commit-
ment to myogenesis or simply induced expression of cultured alone (n  3; 0/15,200 total GFP cells plated,
Figure 2B) or in coculture (n  2; 0/11,600 total GFPsome genes characteristic of myogenicity cannot be
distinguished by these experiments. cells plated, Figure 2C, p  0.05 by the test of binomial
proportions in comparison to GFPCD45 myofiber-
associated cells from injured BM-transplanted animals),HSC and Their Progeny Display No In Vitro
Myogenic Activity indicating that this activity derives from a cell population
distinct from HSC or their progeny.The observation that CD45 but not CD45 BM-derived
cells are capable of generating MyHC-expressing cells
in vitro suggests that this activity derives from a cell of Cells with Intrinsic Myogenic Activity Do Not
Transit Through the Bloodstreamnonhematopoietic origin. However, to determine directly
whether the coculture-induced muscle-specific marker To determine whether any circulating cells may act as
myogenic progenitors in skeletal muscle, we also ana-expression of BM cells in fact indicated lineage plasticity
of HSC progeny, we also performed in vitro myogenic lyzed the myogenic activity of GFP cells crossengraft-
ing into muscle in parabiotic mice, generated by surgicalassays with cells isolated from muscles of nontrans-
genic recipients previously irradiated and transplanted joining of GFP transgenic and nontransgenic mice. Para-
biosis results in the development of a common, anasto-with FACS-isolated c-kitThy1.1loLinSca-1 (KTLS)
HSC. Similar to BM-transplanted animals, muscle from mosed vasculature connecting the two animals, with
crosscirculation detectable within 2–3 days of joiningCDTX-injured HSC-transplanted animals contained HSC-
derived GFP cells in both the myofiber-associated and (Bunster and Meyer, 1933; Wright et al., 2001b). As in
BM-transplanted mice, GFP cells could be identifiedinterstitial compartments (Figure 2A). However, no HSC-
derived muscle-resident cells expressed MyHC when in the myofiber-associated and interstitial compart-
Myogenic Cell Populations in Skeletal Muscle
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ments of 2d CDTX-treated skeletal muscle of nontrans- the interstitial cell compartment of either GFP transgenic
or BM-transplanted mice relocalized to the myofiber-genic parabiotic partners in GFP::GFP pairs (Figure
3A), but these cells were uniformly nonmyogenic when associated compartment (Figure 4G). Following culture
of these reisolated cells, however, myofiber-associatedcultured alone (n  2, 0/9100 total GFP cells plated,
Figure 3B). However, like BM-derived cells, cross- cells originally isolated from GFP transgenic mice but
not from BM-transplanted animals were competent toengrafting GFP cells from parabiotic mice did induce
muscle-specific markers in coculture (n  2, 0.08%  autonomously form colonies of cells in vitro that differ-
entiated into MyHC myocytes (data not shown). Intra-0.05%, 4/6300 total GFP cells plated, p  0.05 by the
test of binomial proportions in comparison to cross- muscular injection of cells directly isolated from BM did
not yield engraftment into the myofiber-associated cellengrafting GFPcells cultured alone, Figure 3C), indicat-
ing that irradiation and transplantation are not required compartment (Figure 4G), suggesting that some compo-
nent of the process of BM transplantation (e.g., irradia-for the engraftment of such cells into muscle and
strongly suggesting that progenitors with the full myo- tion, intravenous injection, long-term reconstitution of
hematopoiesis, etc.) may be necessary for localization ofgenic potential of endogenous muscle-resident cells do
not normally transit through the bloodstream and are these cells to this compartment. Thus, both endogenous
and BM-derived myofiber-associated cells possess thenot seeded from circulating precursors in adult animals.
ability to rehome to the myofiber-associated compart-
ment, yet only endogenous cells and not those derivedIn Vivo Contributions of BM-Derived
from transplanted BM exhibit myogenic colony-formingor Endogenous Muscle-Resident Cells
potential upon reisolation.to Skeletal Muscle
To further assess the myogenic activity of myofiber-
associated and interstitial cells isolated in transplanted Characterization of Muscle-Resident Cell
Populations with In Vitro Myogenic Activityand parabiotic animals, we directly assayed their contri-
bution to myofiber formation in vivo, following intramus- The data described above indicate that fully myogenic
muscle precursor cells are distinct from cells that engraftcular injection. GFP cells were isolated by FACS from
myofiber-associated or interstitial cell preparations of in muscle following BM transplantation or parabiosis
and that preparations of myofiber-associated cells con-uninjured or 2d CDTX-injured muscle of untransplanted,
GFP transgenic mice; of mice transplanted previously tain a functionally heterogeneous mixture of autono-
mously myogenic cells, fibroblast-like cells, cells thatwith GFPBM cells or HSC; or of nontransgenic partners
in GFP::GFP parabiotic pairs. Sorted cells were in- after injury express muscle-specific markers only in co-
culture, and hematopoietic cells. We therefore soughtjected into the TS muscle of control, nontransgenic ani-
mals that had been injured 1 day previously by intramus- to determine whether such populations could be pheno-
typically distinguished and separated by FACS in normalcular injection of cardiotoxin (1d CDTX) (Ferrari et al.,
1998). After 2 weeks, injured and injected muscles were and regenerating muscle. Analysis by flow cytometry of
freshly isolated myofiber-associated cell preparationsharvested and analyzed by cryosectioning and immuno-
fluorescence microscopy to identify GFP myofibers in from either uninjured or 2d CDTX muscles of untrans-
planted -actin/GFP transgenic mice revealed that thethe regenerating muscle. Myofiber-associated and inter-
stitial cells isolated from GFP transgenic animals ro- majority of cells, either CD45 or CD45, expressed the
satellite cell-associated marker CD34 (Beauchamp etbustly contributed to clusters of GFP myofibers upon
intramuscular transfer to 1d CDTX-injured recipients al., 2000), while only 25% or 50%, respectively, ex-
pressed Sca-1 (Figure 5A, Supplemental Figure S4, and(Figures 4A and 4B, Supplemental Table S1). Interest-
ingly, myofiber-associated and interstitial cells from BM- Conboy et al. [2003]).
Using combinatorial expression of Sca-1, CD34, andtransplanted, HSC-transplanted, or parabiotic animals
also generated GFP myofibers in vivo (Figures 4C–4F, CD45, we assessed the myogenicity of distinct myo-
fiber-associated cell populations, separated by FACSand data not shown), despite the fact that these cells
showed limited or no myogenic activity in vitro (Figures from uninjured or 2d CDTX muscle of untransplanted
mice, in forming (1) colonies of round, myogenic cells; (2)1–3). The generation of donor marker-expressing myo-
fibers following intramuscular injection appeared to be colonies of fibroblast-like, nonmyogenic cells; (3) MyHC-
expressing myocytes when cultured alone; and (4)a unique property of BM-derived cells that had migrated
to and engrafted in the muscle, however, as intramuscu- MyHC-expressing myocytes in coculture. Consistent
with data from transplanted mice (Figure 1) and in con-lar injection of freshly isolated unfractionated BM cells
or FACS-purified KTLS HSC failed to yield any donor- trast to previous reports (Polesskaya et al., 2003), in our
system, CD45 myofiber-associated cells from eithermarker expressing myofibers in this assay (Supplemen-
tal Table S1). uninjured or 2d CDTX muscle of untransplanted animals
displayed no myogenic potential either alone or in cocul-Differences were also apparent in the ability of GFP
cells from control GFP transgenic or BM-transplanted ture assays (n  2; 0/20,000 total cells plated for each
condition, uninjured and 2d CDTX, alone and coculture;animals to home to and repopulate the myofiber-associ-
ated compartment following intramuscular injection. Supplemental Figure S5, p 0.05 by the test of binomial
proportions in comparison to CD45Sca-1CD34When GFP cells were isolated from injected muscles
of secondary recipients 2 weeks after intramuscular in- cells). In both injured and uninjured muscle, round, myo-
genic colony-forming ability resided exclusively in thejection of either myofiber-associated or interstitial cells
and analyzed by flow cytometry, cells originally isolated CD45Sca-1 cell population and was highly enriched
(2-5-fold) among CD45Sca-1CD34 cells (Figurefrom the myofiber-associated compartment but not from
Cell
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Figure 4. In Vivo Contributions to Skeletal Muscle from Transplanted or Circulating Cells
Representative micrographs of in vivo myofiber formation (A–F) and FACS analysis of myofiber-associated cells (G) after intramuscular injection
of the indicated cell populations. GFP myofiber-associated (A, C, E, and F) or muscle interstitial (B and D) cells were isolated from 2d CDTX-
injured skeletal muscle of control (untransplanted) GFP transgenic (A and B), BM-transplanted (C and D), HSC-transplanted (E), or parabiotic
(F) mice. Sorted cells were injected intramuscularly into 1d CDTX-injured muscles of nontransgenic recipient animals, and, 2 weeks later,
muscles were analyzed by immunofluorescence for the presence of GFP-expressing myofibers. Electronically merged image (right) shows
GFP in green, 	-actinin in red, and Hoechst 33342 in blue; scale bar, 100 m. (H) Representative flow cytometric analysis of myofiber-
associated cells isolated from 1d CDTX-injured muscle 2 weeks after intramuscular injection of GFP myofiber-associated (left column) or
interstitial (right column) cells from a control (untransplanted) GFP transgenic animal (top row) or an animal previously transplanted with GFP
BM cells (middle row) or of freshly isolated GFP BM cells from a GFP transgenic mouse (bottom row). Data are shown as contour plots of
live-gated cells, with the frequency of GFP cells indicated.
5B). In contrast, nonmyogenic fibroblast-like colony- (0.55%  0.07%, n  2, 8/1500 total cells input) but not
CD45Sca-1CD34cells (n2, 0/1500 total cells input)forming ability was found exclusively in the CD45Sca-
1 population and was highly enriched (5- to 6-fold) induced expression of MyHC (p  0.05 by the test of
binomial proportions in comparison to CD45Sca-1among CD45Sca-1CD34 cells (Figure 5C). Consis-
tent with these results, CD45Sca-1 but not CD45 CD34 cells, Figures 5H and 5I). Interestingly, this same
CD45Sca-1CD34 myofiber-associated populationSca-1 cells formed MyHC-expressing myocytes when
cultured alone in vitro (Figures 3B, 3F, and 3G), and could be identified among GFP myofiber-associated
cells in BM-transplanted 2d CDTX-treated animals and,CD45Sca-1CD34 but not CD45Sca-1CD34 myo-
fiber-associated cells contributed to myofibers in vivo when isolated, formed MyHC-expressing myocytes in
coculture (Figure 5J).upon intramuscular injection (Figures 5D and 5E). Freshly
isolated myofiber-associated CD45Sca-1CD34 cells
also expressed mRNA encoding several myogenic pro- Purification of Myogenic CFC
from Myofiber-Associated Cellsteins, including the intermediate filament protein des-
min, and the myogenic transcription factors MyoD, FACS isolation of CD45Sca-1 cells allows substantial
enrichment for cells with myogenic potential among totalMyf-5, and Pax-7 (Jankowski et al., 2002) (Supplemental
Figure S6). myofiber-associated cells (Figure 5); however, to further
purify such cells, we tested additional cell surface mark-We also sought to determine from which population
coculture-induced myogenic cells derive. In coculture ers in order to define a unique expression profile that
would enable the prospective isolation of highly en-with HcRed-expressing myoblasts, CD45Sca-1CD34
Myogenic Cell Populations in Skeletal Muscle
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Figure 5. In Vitro and In Vivo Myogenicity of Endogenous Myofiber-Associated Cell Populations
(A) Flow cytometric analysis of endogenous, uninjured myofiber-associated cells from an untransplanted GFP transgenic control mouse for
expression of CD45, Sca-1, and CD34. Data are presented as contour plots of the indicated parameters, with the percent of cells that fall
within each gate indicated. The leftmost plot is gated for live GFP cells and shows gating (versus forward scatter (FSC)) for CD45 or CD45
subsets, with analysis of Sca-1 and CD34 expression of these subpopulations shown in the middle and right columns, respectively.
(B) Relative frequency (number of colonies formed/input cell number) of cells capable of forming small, round, myogenic colonies among
uninjured and 2d CDTX myofiber-associated populations, sorted by FACS from untransplanted GFP transgenic mice for the indicated markers.
Data are plotted as the mean percent colony forming cells (CFC)  SD. Differences between CD45 and CD45, CD45Sca-1CD34 and
CD45Sca-1CD34, and CD45Sca-1CD34 and CD45Sca-1CD34 were each statistically significant (p  0.05) for uninjured and for 2d
CDTX muscle, by both Mann-Whitney U-test and the test of binomial proportions.
(C) Relative frequency (number of colonies formed/input cell number) of myofiber-associated cells from untransplanted GFP transgenic mice
capable of forming large, fibroblast-like colonies among uninjured and 2d CDTX myofiber-associated cell populations, sorted by FACS for
the indicated markers. Data are plotted as the mean percent colony forming cells (CFC)  SD. Differences between CD45 and CD45,
CD45Sca-1CD34 and CD45Sca-1CD34, and CD45Sca-1CD34 and CD45Sca-1CD34 were each statistically significant (p 0.05)
for uninjured and for 2d CDTX muscle, by both Mann-Whitney U test and the test of binomial proportions.
(D and E) In vivo myofiber formation of intramuscularly injected CD45Sca-1CD34 (D) or CD45Sca-1CD34 (E) myofiber-associated cells
isolated from 2d CDTX-injured skeletal muscle of GFP transgenic mice. Sorted cells were injected and analyzed as in Figure 4. Electronically
merged images (right) show GFP in green, 	-actinin in red, and Hoechst 33342 in blue; scale bar, 100 m.
(F–J) In vitro myogenic differentiation of GFP myofiber-associated cells isolated from control GFP transgenic animals (F–I) or BM-transplanted
animals (J) by FACS for the indicated markers. CD45Sca-1CD34 (F) or CD45Sca-1CD34 (G) myofiber-associated cells were cultured
alone, and CD45Sca-1CD34 (H), CD45Sca-1CD34 (I), or BM-derived CD45Sca-1CD34 (J) cells were cocultured with HcRed-express-
ing myofiber-associated cells from an HcRed transgenic animal and then analyzed for expression of MyHC. Electronically merged image
(right) shows MyHC in red and GFP in green; scale bar, 100 m.
riched, autonomously myogenic CFC from adult skeletal 	6-integrin subsets of CD45Sca-1Mac-1 myofiber-
associated cells; however, among CD45Sca-1Mac-1muscle. We found first that 2.93%  1.71% (n  3, 11/
375 total cells plated) of CD45Sca-1Mac-1myofiber- cells, 2.0%  1.9% of 1-integrin cells, 23.7%  0.8%
of CXCR4 cells, 18.4%  5.6% of CD34 cells, andassociated cells from untransplanted, uninjured mice
formed myogenic colonies in vitro, while we never de- 3.0% 2.0% of c-met cells formed myogenic colonies
(Figure 6B). Based on these results, we clone sortedtected colony formation from CD45, Sca-1, or Mac-1
cells (n  3, 0/850 total cells input for each marker, from uninjured skeletal muscle, CD45Sca-1Mac-
1CXCR41-integrin cells and assayed their myo-Figure 6A, p  0.05 by the test of binomial proportions
in comparison to CD45Sca-1Mac-1 cells). We there- genic activity. Among cells of this phenotype, 51.0% 
6.4% (n  3, 54/109 total cells plated) of single-sortedfore sorted and analyzed for myogenic activity, subpop-
ulations of CD45Sca-1Mac-1 cells expressing vari- cells formed myogenic colonies (Figure 6C) that ex-
pressed MyHC upon induction of myogenic differen-ous cell surface markers (Figure 6B). These experiments
demonstrated an absence of myogenic CFC in c-kit, tiation (Figure 6D). In contrast, clone-sorted CD45Sca-
1Mac-1CXCR4 cells did not give rise to any myo-CD13, CD71, Flk-1, CD105, CD44, 	1-integrin, or
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genic colonies (n  3, 0/525 total cells plated, p  0.05
by the test of binomial proportions in comparison to
CD45Sca-1Mac-1CXCR41-integrin cells). Finally,
analysis of CD45Sca-1Mac-1 myofiber-associated
cells isolated from CDTX-injured muscle of previously
BM-transplanted mice demonstrated a lack of BM-derived
cells coexpressing these markers (Figure 6E). Thus,
highly myogenic CFC are specifically enriched within
the CD45Sca-1Mac-1CXCR41-integrin subset of
myofiber-associated cells and can be phenotypically
distinguished by their cell surface marker phenotype
from BM-derived cells and fibroblastic CFC in muscle.
Discussion
Recently, the notion has been called into question that
somite-derived, sublaminar satellite cells are the only
adult muscle regenerative units. To assess the myogenic
Figure 7. Origins and Hierarchy of Myogenicity among Cells Present
potential of muscle-resident cells before and after injury, in the Myofiber-Associated Compartment of Adult Skeletal Muscle
we have utilized a procedure that separates muscle- Myofiber-associated cells are a heterogeneous mixture of CD45
resident cells into a myofiber-associated compartment Sca-1CD34CXCR41-integrin myogenic CFC, CD45-Sca-1
highly enriched for satellite cells, and a separate intersti- CD34 fibroblastic, nonmyogenic CFC, CD45Sca-1CD34 cocul-
ture-inducible myogenic cells and CD45 nonmyogenic, hematopoi-tial cell preparation, allowing direct analysis of these
etic cells. Cells from BM and circulation contribute to all populationsdifferent cells’ myogenic potential. As criteria for myo-
except fully myogenic CFC, while HSC contribute only to CD45genicity, we have evaluated (1) expression of myogenic
hematopoietic cells. N/D, not done.
proteins; (2) autonomous in vitro myogenic colony-form-
ing capacity; (3) myogenic capacity in coculture with
isolated muscle-resident myogenic cells; (4) in vivo con- in vitro myogenic activity; (2) CD45CD34Sca-1 cells,
which generate MyHC-expressing cells at low frequencytribution to myofibers in injured muscle; and (5) en-
graftment of the myofiber-associated compartment (1% of input cells) only when cocultured with endoge-
nous myogenic cells; and (3) CD45 cells, most of whichin vivo following intramuscular injection and subsequent
maintenance of myogenic colony-forming capacity. are Mac-1 myeloid lineage cells derived from BM HSC
that possess no myogenic activity in vitro. The roles ofOur studies reveal that myofiber-associated CD45
Sca-1Mac-1CXCR41-integrin cells, which also these cells in muscle physiology in vivo remain to be
directly determined; however, they may provide impor-express CD34 and c-met and are not derived from BM,
HSC, or circulating cells, are the only adult muscle- tant support functions for muscle, perhaps acting as
tissue-resident progenitors of muscle-associated mes-resident population to fulfill the above criteria for fully
myogenic muscle progenitor cells. These cells express enchymal lineages (CD45Sca-1CD34 fibroblastic
CFC) or as tissue-resident immune cells (CD45Mac-1myogenic transcription factors, generate at the single
cell level and with high efficiency large colonies of myo- cells).
While BM-derived myofiber-associated cells do notcytes upon in vitro culture, contribute robustly in vivo
to the formation of skeletal myofibers, and reengraft into form myogenic colonies on their own, at least some
BM-derived, CD45 cells found in skeletal muscle dothe myofiber-associated compartment following intra-
muscular transfer. Intriguingly, myofiber-associated cell generate donor marker-expressing MyHC myoblasts
and myotubes when cocultured with myogenic cells.preparations contain not only these fully myogenic cells
but also several distinct cell populations with limited or This coculture-induced myogenicity does not derive
from HSC or their progeny, however, as HSC-derivedno myogenic potential (Figure 7), including several that
can be seeded from BM cells: (1) CD45CD34Sca-1 muscle-resident cells do not display myogenic activity
either alone or in coculture experiments. These resultscells, which form fibroblast-like colonies and exhibit no
Figure 6. FACS Isolation of Myogenic CFC from Myofiber-Associated Cells
(A, B, and E) Flow cytometric analysis of myofiber-associated cells isolated from uninjured GFP-transgenic mice. (A) Sort gates used to
separate CD45Mac-1Sca-1 cells, which do not generate myogenic colonies, from CD45Mac-1Sca-1 cells, of which 2.93%  1.71%
are myogenic CFC. (B) Analysis of expression of cell surface markers (indicated to the left of FACS plots) by CD45Mac-1Sca-1 (left column)
or CD45Mac-1Sca-1 cells (right column) myofiber-associated cells. Quantification of the frequency (number of colonies formed/input cell
number, averaged from three independent experiments) of myogenic CFC among CD45Mac-1Sca-1 cells expressing each of the indicated
cell surface markers is given to the right of the FACS plots. (C and D) Representative micrographs of in vitro colony formation (C) and myogenic
differentiation (D) of single-sorted GFPCD45Mac-1Sca-1CXCR41-integrin cells. Approximately 50% of single-sorted GFPCD45Mac-
1Sca-1CXCR41-integrin cells formed round colonies in myogenic growth medium ([C], GFP fluorescence shown) that subsequently
differentiated into myocytes expressing MyHC when switched to fusion medium (D). Electronically merged image shows MyHC in red,
GFP in green, and Hoechst 33342 in blue; scale bar, 100 m. (E) Comparative analysis of coexpression of CXCR4 and 1-integrin among
GFPCD45Mac-1Sca-1 myofiber-associated cells from uninjured GFP-transgenic mice (left) and CDTX-injured BM-transplanted mice
(right), demonstrating that CD45Mac-1Sca-1CXCR41-integrin cells are not generated from BM cells.
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used in these studies were backcrossed for at least ten or twosuggest a role for muscle-engrafting, non-HSC-derived
generations, respectively, to C57BL/Ka-Thy-1.1 mice. For parabio-BM cells, perhaps mesenchymal stem cells (MSC),
sis, animals were typically joined at 6–8 weeks of age, except forwhich previously have been shown to exhibit coculture-
previously transplanted animals, which were joined at 16–24 weeks
induced myogenic activity (Shi et al., 2004). of age. Antibodies used in these studies and their sources are listed
The induction of expression of muscle-specific mark- in Supplemental Table S2.
ers by muscle-engrafted BM-derived cells in coculture
BM Harvestingoccurs in the absence of cell fusion, suggesting that
To harvest BM cells, femur, fibula, and/or tibia of donor mice werelimited myogenic differentiation or conversion of BM
crushed using a mortar and pestle in Hank’s balanced salt solutioncells may occur through the process of transplantation,
(Invitrogen) supplemented with 2% FCS and 2 mM EDTA. Alterna-
muscle homing, engraftment in the myofiber-associated tively, BM was flushed from the femurs and tibiae of donor mice
fraction and/or subsequent isolation and culture. Impor- with Hank’s balanced salt solution (Life Technologies) supple-
tantly, this finding does not exclude the possibility that mented with 2% FCS and 2 mM EDTA. Red blood cells subsequently
were lysed by 3 min incubation in 0.15 M ammonium chloride, 0.01cell fusion is required for in vivo contributions of BM-
M potassium bicarbonate solution on ice.derived cells to myofibers in injured muscle of trans-
planted animals, as has been suggested by other studies
Fluorescence-Activated Cell Sorting of HSC(Camargo et al., 2003). BM-derived cells isolated from
GFP HSC were isolated by double FACS of c-kit-enriched BM from
the myofiber-associated compartment of injured muscle GFP transgenic mice, based on previously defined reactivity for
also form clusters of myofibers and reenter the myofiber- particular cell surface markers (c-kitThy1.1loLinSca-1, KTLS)
associated compartment in vivo upon intramuscular in- (Morrison et al., 1997; Morrison and Weissman, 1994; Spangrude et
al., 1988), as described (Wagers et al., 2002). Cells were sorted usingjection into secondary recipients. Thus, donor marker-
a highly modified Vantage SE (Becton Dickinson Immunocytometryexpressing BM-derived cells that engraft in injured and
Systems, Mountain View, CA), and flow cytometry data was analyzedregenerating muscle following intravenous transfer into
using FlowJo (Treestar, San Carlos, CA) analysis software.
irradiated recipient mice, at least some of which can be
confirmed by immunostaining to localize beneath the BM Transplantation
basal lamina, compose a functionally distinct population Recipient mice received a lethal dose of irradiation (950 Rad, deliv-
ered in a split dose 3 hr apart) prior to transplantation with GFPof cells occupying the classically defined satellite cell
cells by retroorbital injection. Recipient mice were transplanted withcompartment. Their lack of intrinsic myogenic colony-
1 
 107 or 5 
 107 GFP BM cells or with 100 sorted GFP KTLSforming ability suggests a relative lack of myogenic
HSC. B cells, T cells, and myeloid cells in the PB were identified byspecification as compared to endogenous myofiber-
flow cytometry using anti-B220, anti-CD3, or anti-Mac-1/anti-Gr-1,
associated cells, and they do not, by phenotypic or respectively. All transplanted mice showed high-level chimerism
functional criteria, give rise to fully myogenic muscle (90% GFP cells) of peripheral blood leukocytes. BM-transplanted
mice were subjected to muscle injury and regeneration 4–12 weeksprecursor cells. The rarity and reduced myogenic poten-
following reconstitution.tial of BM-derived muscle-resident cells in vitro, to-
gether with the low percentage of BM-derived and HSC-
Muscle Dissociation and FACSderived myofibers detected in previous studies (Bittner
Myofiber-associated and muscle interstitial cells were prepared as
et al., 1999; Camargo et al., 2003; Corbel et al., 2003; described (Conboy et al., 2003; Conboy and Rando, 2002) from
Ferrari et al., 1998; Gussoni et al., 1999; LaBarge and dissected limb muscles, including TS, TA, quadriceps, and triceps.
Blau, 2002; Sherwood et al., 2004), strongly suggests Isolated interstitial and myofiber-associated cells were passed
through nylon mesh and centrifuged at 1200 rpm. Red blood cellsthat endogenous precursor cells normally carry out the
were lysed from interstitial preparations by 3 min incubation in 0.15majority of muscle regeneration in response to injury.
M ammonium chloride, 0.01 M potassium bicarbonate solution onWhether BM-derived cells ever participate at significant
ice. Antibody staining was performed for 20 min on ice in Hank’s
levels in physiological myogenesis in vivo, or if they can balanced salt solution supplemented with 2% FCS and 2 mM EDTA.
be exploited for therapeutic cell replacement or gene Prior to FACS analysis, cells were suspended in 1g/ml of propidium
therapy, is currently unclear. Regardless, the newly de- iodide (PI) to identify and exclude dead (PI) cells.
scribed ability to independently isolate myogenic and
Cell Culturenonmyogenic cell populations present within normal
Prior to plating (24 hr), plates were coated with 0.2% rat-tail collagenadult skeletal muscle will facilitate future experiments
and 5 g/mL natural mouse laminin (Invitrogen). Cells were platedto investigate the regenerative consequences (if any) of
at 1 
 104 cells/cm2 in growth medium in either 24-well, 48-well, or
experimentally induced absence of BM-derived muscle- 96-well tissue culture plates. Growth medium was composed of
resident cells, to further define cell lineage relationships Ham’s F10 20% FBS 5 ng/mL bFGF (Invitrogen) 1% penicillin/
in the differentiation of muscle stem and progenitor streptomycin 1% Gluta-Max. bFGF was replaced daily. For cocul-
ture experiments, 1 
 104 cells of each population were used tocells, and to identify signaling pathways and gene ex-
initiate cultures. After 5–7 days, cells were passaged by aspirationpression programs important for maintaining muscle-
of medium, washing with PBS, and incubation with PBS for 5 minresident cell populations.
at 37C. Cells then were replated onto collagen/laminin-coated
chamber slides in growth medium for 2 days, and then medium was
changed to fusion medium: Opti-MEM (Invitrogen) 1% FBS 1%Experimental Procedures
penicillin/streptomycin  1% Gluta-Max. Cells were kept in fusion
medium for 2 days, then medium was aspirated, and cells wereMice and Antibodies
fixed with 4% paraformaldehyde for 10 min and processed for immu-C57BL/Ka, C57BL/Ka-Thy-1.1, C57BL/Ka-Ly5.2/Thy-1.1, C57BL/
nofluorescence (see below).Ka-Thy-1.1--actin/eGFP, and C57BL/Ka-Thy-1.1--actin/HcRed
mouse strains were bred and maintained at Stanford University
Research Animal Facility. The generation of GFP and HcRed trans- Muscle Regeneration Assays
Muscle injury was induced by injecting an anesthetized mouse withgenic mice in our laboratory has been described elsewhere (Wright
et al., 2001a; Sherwood et al., 2004). GFP and HcRed transgenics 25 l of a 0.3 mg/ml solution of cardiotoxin (from Naja mossambica
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mossambica, Sigma) directly into the TS and/or TA muscles (Ferrari Acknowledgments
et al., 1998). For harvesting of myofiber-associated and muscle inter-
stitial cells, injured muscle was dissociated (see above) 2 days fol- We thank L. Jerabek for laboratory management; S. Smith for anti-
body preparation; A. Terskikh for -actin/HcRed transgenic mice;lowing cardiotoxin injection. Myogenic potential was also evaluated
in separate experiments in which the TS muscles of GFP mice L. Hidalgo, J. Dollaga, and D. Escoto for animal care; and J. Mulhol-
land for assistance with confocal microscopy. This work was sup-were injured by injection of cardiotoxin, followed 24 hr later by
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